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Introduction
The importance of filter feeding as a dominant process of primary consumption in freshwater and marine environments has served as motivation for numerous studies on structure, mechanisms, and efficiency of filters used to capture particles.
Information from such studies has been used to estimate type and amount of seston processed by filter feeders to determine their importance as primary consumers. J0rgensen (1949, 1966, 1975, 1976) presented information on various structures used for filter feeding and metabolic costs associated with water transport through them, in many marine filter feeders. Several other studies (Bullivant 1968; Paffenhoffer and Strickland 1970; Vogel 1974 Vogel , 1976 Vogel , 1977 Vogel , 1978a Vogel , 1978fr, 1981 Strathmann et al. 1972; Strathmann 1973; Reiswig 1971 Reiswig , 1975 have dealt with mechanisms of filter feeding in taxonomically diverse marine organisms. F:'lter feeding in freshwater environments is known from differe.it groups (Merritt and Cummins 1978; Wallace and Merritt 1980) . Wallace and O'Hop (1979) gave information on mechanisms of fine particle capture in mayflies, Isonychia spp- Chance (1970) studied the structure and function of labral fans ( Fig. 1 ) and associated mouthparts of larvai black flies. This study and other publications (Clemens 1917; Fredeen 1964; Coffman et al. 1971; Wotton 1976 Wotton , 1977 Wotton , 1978 Wotton ,1980 Wotton ,1982 Shapas and Hilsenhoff 1976; Carlsson et al. 1977 ; Wallace and O'Hop 1979; Schroder 1980; Ross and Craig 1980; Craig and Chance 1982) show that larvae of black flies and nymphs of Isonychia spp. can ingest particles in the size class of 0.091 to 350.0^m . Despite the large amount of information on structure of filters and the size of particles they capture, the mechanism by 'Present address: 2541-116 Street, Edmonton, Alia.. Canada T6J 3Z7.
which filtering takes place in larval black flies and in nymphs of mayflies has been attributed generally to direct sieving. The function of filters as mechanical sieves was demonstrated for larval black flies by Noel-Buxton (1956) , Kershaw et al. (1965 Kershaw et al. ( , 1968 , Chance (1970) . and Kurtak (1973 Kurtak ( , 1978 Kurtak ( , 1979 . Wallace and O'Hop (1979) demonstrated sieving capability of filters ( Fig. 2 ) of nymphs of Isonychia species. Rubenstein and Koehl (1977) proposed that in addition to sieving, it is possible that four other filtration mechanisms may be operative in filter feeding animals. These mechanisms are as follows.
Direct interception A neutrally buoyant particle following a streamline that comes within one particle radius of a filter will contact the filter and be captured (Fig. 3, case A) . Spielman (1977) showed by numerical calculations that the efficiency of particle capture (q) for interception is:
[!]^^A^/^j tA^d.rpA) where rp radius of particle; /y average radius of one ray in the filter-feeding structure; A/-the pattern of streamlines; A. LaBarbera (1984) showed that suspension feeding is
[3] TI [(pp^)d^U}/\^df (Fuchs 1964) where pm density of the medium; pp density of a particle; (JL dynamic viscosity of the medium; dp diameter of particle; df average diameter of one ray in the filter feeding structure; and U free stream velocity.
Gravitational deposition
This mechanism is similar to inertial impaction except that deviation of particles from the streamline is caused by the influence of the gravitational vector when it is greater than the combined effect of the fluid drag and the velocity vector on the particle. The efficiency of particle capture (T|) for gravitational deposition is given as:^) }/\^U (Yaoetal. 1971) [4] -n Wp\vp where g acceleration due to gravity (other terms as denned above). Diffusion or motile-particle deposition Small particles in suspension exhibit random motion caused by collision with molecules of the suspending medium, resulting in deviations in the paths of these particles (Fig. 3, Strathmann et al. (1972) , Strathmann (1973 Strathmann ( , 1975 , Strathmann and Bonar (1976) , and Strathmann and Leise (1979) have shown that most marine suspension feeders coat their filters with mucus. LaBarbera (1978) showed that the presence of mucus on the tube feet of Ophiopholis aculeata (L.) enabled it to capture more particles possessing specific charges. Presence of mucosubstances on filters was demonstrated for insects in freshwater environments in larval black flies (Ross and Craig 1980) . Gerritsen and Porter (1982) 
Inertial impaclion
This mechanism assumes that particles denser than fluid in which they are dispersed follow streamlines until the fluid is diverted and accelerated as it passes around the filter. The inertia of the particles causes them to deviate from the streamline and they are captured if they pass within one particle radius of the filter (Fig. 3, the filters of insects is similar to that for an isolated sphere. These assumptions are addressed later in this paper. LaBarbera (1984) showed the general applicability of these models to aquatic systems and demonstrated the importance of direct interception as the predominant mechanism of collision between particles and filters in 0. aculeata. Ross and Craig (1980) proposed that the mechanisms of direct interception and inertial impaction are important nitration mechanisms in Simulium vifattum Zett., Prosimulium mixtum/fuscum Syme and Davies, and Stegopferna mulata (Malloch). Ross and Craig (1980) suggested that direct interception may be the predominant mode of fine particle capture. R. S. Wotton (personal communication in Ross and Craig 1980) suggested that colloidal panicles and dissolved organic matter (DOM) adhere to mucosubstance from pockets of still or slow-moving water formed around the microtrichia. They also considered inertial impaction important for large particles (e.g., >IOOp.m) at high velocities. Silvester (1983) (1978) . The flow tank had a trough with length to width ratio of 10 (Fig. 4) . Vortices induced by the propeller were eliminated by inserting a partly curved Plexiglas fairing in the lower return conduit (Fig. 4) (Fig. 4) . A -0-cnr grid made from thin (1.0-mm2) pieces of balsam wood served as site of attachment for both insects. Two such grids (A and B) were placed 16.0cm apart in the tank and each 22.0cm from the end of the trough (Fig. 4) . Simuliid larvae were introduced into the trough with a sofl brush. Larvae usually spun an anchor line of silk onto the fine hairs of the brush when first introduced. They then drifted in the current until they reached the balsam wood. attached to it with their posterior proleg, and cut the anchor line off. Ephemeropteran nymphs were introduced into the flow tank near the balsam wood. They swam to it and attached with mesoIhoracic and metathoracic legs. (Fig. 5) .
Measurement of velocity at which insects fed
The rate at which particles settled out of suspension was calculated using the following equation : 18] Co C, e- (Coughlan 1969) The tubes were capped, inverted several times, and centrifuged at 20200 x g (avg.) for 30min in a model RC2B Sorvall centrifuge. The density of marker beads was plotted against the distance of the corresponding coloured bands (measured to the nearest 0.5 mm) from the bottom of the tube (Fig. 6) 
Gravitational deposition
The parallel orientation of rays and microtrichia of filtering structures of both insects to flow and the velocities used make this mechanism nonapplicable to simuliid larva, which live in fast-moving water. It is of perhaps low applicability at the second and third rows of rays of the mayfly nymphs.
Discussion
Determination of size and number of particles consumed by both insects
The density gradient centrifugation technique used to recover particles from guts of insects makes it possible to determine the total number of particles consumed by each insect. It eliminates the problem of identifying synthetic particles in the presence of natural faecal materials (Fig. 18) . The solution of NaOCI can dissolve mucosubstance or derivatives of it and other sticky secretions; this reduces the tendency of particles to stick together (Fig. 19) . Counts of aggregated particles (i.e.. percentage coincident particle passages recorded by the Coulter Counter) in samples of feeding suspension showed that over 95% of the particles were monodisperse. Aggregation of particles (Fig. 19 ) occurred when the guts of insects were not dissolved in a solution of NaOCI.
Mechanisms of particle capture
Most particles caught and consumed by both insects at all velocities were smaller than the spaces between adjacent rays. Thus, in addition to direct sieving, particles reach the fillers of both insects mostly by one or a combination of some of the four transport mechanisms. Particle diameter (p.rr\) P Predicted size distribution of polystyrene particles that should be caught by larvae of S. bhwaium based on models of direct .,,.w "() and diffusion deposition (0) In nature it is possible for zooplankton and phytoplankton that are larger than 5.7 [xm to reach the surface of fillers of both insects by this mechanism if they are capable of active motion. Motion produced by Hagella (external forces) (Fuchs 1964; Patiak 1953 ) may cause these organisms to follow a random path and make contact with the filter-feeding structures.
Similarity in size distribution of synthetic panicles caught and consumed in this study and particles observed during field studies in guts of larvae of black files (Wotton 1977 (Wotton , 1978 (Wotton , 1980 Carlsson et al. 1977; Kurtak 1979; Merritt et al. 1982) and nymphs of Isonychia species (Clemens 1917 Speilman (1977) suggested that this mechanism is not very important for waterbome particles because of the small Stokes number of suspended particles in aquatic systems. Silvester (1983) based his calculation of Stokes number on density of suspended particles alone and showed that this mechanism is important for net-spinning caddisfiies. His conclusion on the importance of inertial impaction is at variance with most other studies (i.e., Stralhmann 1971; Fenchel 1980a , 1980A>. 1980r: LaBarbera 1984 and requires further investigation. LaBarbcra (1984) suggested that this mechanism could be important for aquatic organisms that feed on relatively large. dense particles in very high flow velocities. He showed that the effect of this transport mechanism is weak but it can be detected in 0. acult'tila. Ross and Craig (!980) proposed thai this mechanism may be important for transporting large particles (i.e., larger than 100 (im) to the filters of some black fly species that inhabit fast-flowing streams. The latter suggestion can be tested on larvae found in fast streams and further studies should focus on this aspect.
Gravitulioiwl deposition
The transit time of particles in the filter must be long for this mechanism 10 be effective (Speilman 1977; Gerritsen and Porter 1982) . It is also necessary that the gravitational vector be greater than the combined effect of fluid drag and the velocity vector to enable sedimentation. Gravitational deposition is of no importance in particle capture in immature stages of simuliid larvae. It may, however, contribute minimally to capture of large particles at the second and third rows of rays on the filtering appendages in the ephemeropteran nymph where How conditions favour sedimentation of large particles. The latter suggestion is substantiated by flow visualization with scaled-up models of filter-feeding structures (Braimah 1987 ).
The low number of large particles caught by the filters indicates that this mechanism is of minor importance in particle transport in the ephemeropteran nymphs.
Phoretic black fly larvae and species that aggregate Although larvae of some black flies prefer faster velocities of stream flow with reduced boundary layer and steep velocity gradients around their bodies, larvae of some species of black flies are found in phoretic associations with crabs, where they have to survive in still water for long periods of time while obtaining food (Hynes 1970; Raybould 1969; . Gravitational deposition may contribute to capture of large particles in these larvae. The filters of such larvae might function as gravel and sand filters; thus, large particles will be captured as they sediment. Diffusive deposition and direct interception might be operative in the current generated as labral fans adduct and abduct. Thus, feeding may be possible at Reynolds numbers less than 1.0 in the world of "creeping motion" (Vogel 1981 ) to which such larvae are exposed. The inability of most species to survive in slow-moving water may be due to low oxygen content in such water. It has been shown (Wu 1931; Phillipson 1956 Phillipson , 1957 that low oxygen concentration of moving water affects the distribution of some species of black fly larvae. Work is needed on larvae that inhabit still or slow-flowing water.
In nature, the actual regime of velocities at which some black fly larvae capture suspended particles is virtually impossible to measure directly. Larvae of some species have a habit of aggregating on substrate so that some individuals are seldom exposed to free stream velocity. It is possible that such aggregates create hydrodynamic interactions between neighbouring larvae as known in fish schooling (Weihs 1975) and in sand dollars (O'Neil 1978) and polycheates (Carey 1983); these interactions may produce slower velocities and enhance laminar flow through labral fans. Chance and Craig (1986) used scaled-up models of larvae and provided evidence that water flow around aggregates of Simuliiim vittaium Zett. is beneficial to feeding.
